The eVect of tungsten (W) and molybdenum (Mo) on the growth of Syntrophobacter fumaroxidans and Methanospirillum hungatei was studied in syntrophic cultures and the pure cultures of both the organisms. Cells that were grown syntropically were separated by Percoll density centrifugation. Measurement of hydrogenase and formate dehydrogenase levels in cell extracts of syntrophically grown cells correlated with the methane formation rates in the co-cultures. The eVect of W and Mo on the activity of formate dehydrogenase was considerable in both the organisms, whereas hydrogenase activity remained relatively constant. Depletion of tungsten and/or molybdenum, however, did not aVect the growth of the pure culture of S. fumaroxidans on propionate plus fumarate signiWcantly, although the speciWc activities of hydrogenase and especially formate dehydrogenase were inXuenced by the absence of Mo and W. This indicates that the organism has a low W or Mo requirement under these conditions. Growth of M. hungatei on either formate or H 2 /CO 2 required tungsten, and molybdenum could replace tungsten to some extent. Our results suggest a more prominent role for H 2 as electron carrier in the syntrophic conversion of propionate, when the essential trace metals W and Mo for the functioning of formate dehydrogenase are depleted. 
Introduction
Syntrophic communities are excellent models to study the metabolic interactions in anaerobic environments (Ishii et al. 2006; Stolyar et al. 2007 ). Anaerobic syntrophic associations of bacteria and methanogenic archaea operate at the limits of what is thermodynamically possible (Stams et al. 2006; McInerney et al. 2007 ). Conversion of propionate and other fatty acids is possible only if the productsacetate and, more distinctly, hydrogen or formate-are eYciently reduced to low concentrations by methanogenic archaea. Consequently, interspecies electron transfer plays an important role in the degradation of fatty acids. Syntrophic communities are critical in regulating the Xow of carbon and electrons in many anaerobic ecosystems (Schink 2002; Narihiro and Sekiguchi 2007) and are indicators of malfunctioning of the overall biodegradation process in anaerobic bioreactors (Voolapalli and Stuckey 1998) .
Many studies focusing on terminal electron transfer have indicated that both formate and hydrogen play a role in interspecies electron transfer carrier (Stams 1994; Schink 1997; de Bok et al. 2004; Batstone et al. 2006) . Although the same energy can be obtained by utilization of formate or hydrogen, the diVerent chemical properties of these molecules may aVect their relative Xuxes across environments or species with diverse physiological characteristics. Low H 2 and formate levels are created by methanogenic partners that grow on H 2 /CO 2 and/or formate. Interspecies electron transfer in syntrophic propionate oxidizing consortia has been studied, but it is still unclear whether hydrogen or formate is the preferred electron carrier. Syntrophobacter species oxidize only propionate together with methanogens that utilize both H 2 and formate, such as Methanospirillum hungatei and Methanobacterium formicicum, and not with Methanobrevibacter strains that only utilize H 2 (Dong et al. 1994) . Therefore, besides H 2 , formate is also considered to play a role in syntrophic propionate oxidation (Thiele and Zeikus 1988; Boone et al. 1989; Stams and Dong 1995) . The terminal reductases of a model syntrophic consortium consisting of the propionate-converting Syntrophobacter fumaroxidans and the hydrogen-and formate-scavenging M. hungatei were studied in detail de Bok et al. 2002a) . Both the microorganisms possess hydrogenases (H 2 ases) and formate dehydrogenases (FDHs), of which the activities are much higher during syntrophic growth on propionate compared to the respective pure cultures (de Bok et al. 2002a) . Two W-containing FDHs were puriWed and characterized from S. fumaroxidans (de Bok et al. 2003) .
Tungsten (W) and molybdenum (Mo) are essential trace elements for the growth of many anaerobic microorganisms (Kletzin and Adams 1996; Vorholt and Thauer 2002; Schwarz et al. 2007; Andreesen and Makdessi 2008) . Several redox-enzymes depend on these metals in obligate anaerobes. Examples of enzymes which contain either W or Mo are: formate dehydrogenase (FDH), which is required for energy conservation and carbon assimilation in anaerobic bacteria and archaea (Ljungdahl and Andreesen 1978; Ferry 1999) , formylmethanofuran dehydrogenase (FMDH), which reduces CO 2 and couples the formyl group to methanofuran in methanogens (Hochheimer et al. 1998) , and a variety of aldehyde oxidizing enzymes and acetylene hydratase (Kletzin and Adams 1996) . Since the chemical and catalytic properties of these two metals are very similar, some enzymes contain either Mo or W, and some microorganisms even contain analogues of enzymes containing either W or Mo, depending on the growth conditions (Bertram et al. 1994; Hochheimer et al. 1998; Stewart et al. 2000; Brondino et al. 2004 ). However, most microorganisms just possess one type of enzyme, in which the W and Mo can not eVectively replace each other (Jones and Stadtman 1977; Van Bruggen et al. 1986; Zindel et al. 1988; Afshar et al. 1998) , and in some cases, they even have antagonistic eVects (Ljungdahl and Andreesen 1978; Zellner and Winter 1987; May et al. 1988) .
We were interested in the eVect of W and Mo on the growth of S. fumaroxidans in syntrophic association with methanogens. In pure culture, S. fumaroxidans oxidizes propionate via the methyl-malonyl-CoA pathway and disposes of electrons by either fumarate or sulfate reduction Stams et al. 1993; Harmsen et al. 1998) . Without these electron acceptors, S. fumaroxidans reduces protons to H 2 and bicarbonate to formate by means of H 2 ase and FDH . H 2 and formate formation coupled to propionate oxidation are endergonic under standard conditions. Therefore, the levels of H 2 and/ or formate have to be kept low in order to make the conversion energetically feasible (Stams 1994; Schink 1997) .
In present study, we further examined interspecies electron transfer via hydrogen and formate during anaerobic oxidation of propionate by investigating the importance of W and Mo on the growth of S. fumaroxidans and M. hungatei, and determined the FDH and H 2 ase levels in cell extracts. We hypothesized that when interspecies formate transfer is essential, syntrophic growth of the Syntrophobacter-Methanospirillum coculture should be aVected by a shortage of tungsten and/or molybdenum. Such experiments have never been described to investigate interspecies electron transfer.
Materials and methods

Growth conditions
Syntrophobacter fumaroxidans (DSM10017) and Methanospirillum hungatei (DSM864) were routinely cultured at 37°C in 120-ml serum Xasks with 50 ml of medium and a gas phase of 172 kPa N 2 /CO 2 or H 2 /CO 2 (80:20, vol/vol) as described previously ). W and Mo were added as sodium tungstate and sodium molybdate. To study the eVect of Mo and W, four diVerent media with diVerent W and Mo concentrations were used. Medium I contained no W and Mo; Medium II contained no W and 0.1 M molybdate; Medium III contained 0.1 M tungstate and no Mo; Medium IV contained 0.1 M tungstate and 0.1 M molybdate.
Propionate, fumarate and formate (all sodium salts) were added from the 1 M sterile stock solutions as indicated in the text. For the pure culture experiments S. fumaroxidans was grown on 20 mM propionate plus 60 mM fumarate. S. fumaroxidans was adapted to each growth condition by subculturing in fresh medium for six transfers.
The composition of the media used to assess the eVects of Mo and W on M. hungatei was similar as described above for S. fumaroxidans, except that acetate (2 mM) was added as extra source of carbon, and these cultures were shaken at 150 rpm to prevent gas diVusion limitation. The cultures of M. hungatei were adapted to growth on either H 2 /CO 2 (172 kPa; 80:20, vol/vol) or formate (120 mM) as substrate for at least three subsequent transfers in the corresponding media. Growth was followed by measuring methane formation.
Co-cultures of S. fumaroxidans and M. hungatei were cultivated on propionate (30 mM) in the above mentioned media with or without Mo and W. The co-cultures were adapted to growth on propionate for at least three subsequent transfers in the corresponding media. Growth was followed by measuring methane formation.
To minimize metal contamination, glassware was soaked in a 4 M nitric acid solution for 3 days; new butylrubber stoppers were soaked overnight and washed thoroughly with nano-pure water before use. All solutions and media were prepared with extra-pure water. All chemicals and vitamins were of the highest grade purity.
Cell separation and fractionation Cells were harvested in the late exponential phase by centrifugation under anoxic conditions as described previously (de Bok et al. 2002b) . Syntrophically grown cells of S. fumaroxidans and M. hungatei were separated by Percoll gradient centrifugation as described before (de Bok et al. 2002b ). Separated cells were washed and suspended in 50 mM Tris-HCl, pH 8.0 plus 100 M sodium dithionite. Cell-free extract was obtained by sonication and cell debris was removed by centrifugation at 16,000£g (de Bok et al. 2002b ).
Enzyme activities
Activity of formate dehydrogenase and hydrogenase was routinely measured at 37°C in N 2 -Xushed or H 2 -Xushed cuvettes containing 1 ml of 50 mM Tris-HCl (pH 8) and closed with butyl-rubber stoppers. Formate and H 2 oxidation rates were recorded at 578 nm with 1 mM benzyl viologen (BV + , = 8.65 mM ¡1 cm ¡1 ) as electron acceptor. One unit of enzyme is deWned as the amount of enzyme catalyzing the conversion of 1 mol of substrate per min. The Wnal concentrations of benzyl viologen and formate were 1 and 10 mM, respectively, while »1 bar of H 2 was added into the headspace to measure H 2 oxidation rates. Protein was determined according to Bradford with bovine serum albumin as a standard (Bradford 1976 ).
Analytical methods
Growth was followed in time by determining the optical density at 600 nm or by quantifying the methane production. It was assumed that methane formation is linearly correlated to growth. CH 4 and H 2 were determined on a Chrompack 9001 gas chromatograph (Chrompack Varian International, Bergen op Zoom, the Netherlands) equipped with a PlotFused silica column (30 m by 0.53 mm) packed with Molsieve 5A (DF = 15 m). The temperature of the column, injection port and thermal conductivity detector were 50, 60 and 130°C, respectively. Argon was used as carrier gas (20 ml/min). Metal content of the medium was measured by inductively coupled plasma mass spectrometry (ICP-MS, Elan 6000, Perkin-Elmer) as described by van Hullebusch et al. (2005) .
Results and discussion
EVects of W and Mo on co-cultures of S. fumaroxidans and M. hungatei
The FDH and H 2 ase activities in cell-free extracts of syntrophically grown S. fumaroxidans and M. hungatei cells are presented in Table 1 . Maximum methane formation rates in these co-cultures were calculated from the methane production curves (Fig. 1) . Analysis of our basal medium without W and Mo revealed that the residual W and Mo concentrations were below the detection limit of 55 and 10 pM, respectively, indicating that chemical contamination as a source of W or Mo in our basal medium was kept to a minimum.
In syntrophically grown cells of S. fumaroxidans and M. hungatei the highest FDH levels were detected when W was present in the medium (medium III and IV). These speciWc activities were much higher than those in axenically grown cells of S. fumaroxidans and M. hungatei on formate (Table 1) , consistent with Wndings reported previously (de Bok et al. 2002a ). In W-depleted media (medium I and II), FDH levels were signiWcantly lower in both the organisms (Table 1 ). The highest methane formation rate, 0.59 nmol min ¡1 ml
¡1
, was measured in medium with both W and Mo, comparable to the rate measured by Dong and Stams (1995) . The rate was more or less the same (0.57 nmol min ¡1 ml
) when Mo was omitted, but it decreased to 0.41 nmol min ¡1 ml ¡1 in W-depleted medium (medium II). In the medium without W and Mo the methane formation rate was only 0.13 nmol min ¡1 ml
, which is at least due to the inhibition of M. hungatei by W-and Mo-limitation as we demonstrated in our experiments with pure cultures (Table 1 ). The FDH level in M. hungatei under these conditions (no metals added) was 0.02 U/mg protein. This is almost negligible compared to its level in medium without any limitations, considering that the eYciency of Percoll separation with these co-cultures is never 100% (de Bok et al. 2002a ). Moreover, this activity could be attributed to residual FDH from S. fumaroxidans cells in the Percoll separated M. hungatei cells. Therefore it is likely that S. fumaroxidans and M. hungatei grow syntrophically with H 2 as the only interspecies electron carrier, when W and Mo are depleted in the growth medium. Whether the low growth rate can be attributed to the absence of interspecies formate transfer alone is not clear, because we do not know how much the M. hungatei FMDH is aVected by W-and Mo-limitation in the co-cultures. In addition, there is also competition for residual W and Mo between individual organisms. If W is required for CO 2 reduction in S. fumaroxidans for both disposal of electrons (de Bok et al. 2003 ) and for CO 2 Wxation for biomass synthesis , and the M. hungatei FDH is a Mo-enzyme, the contribution of formate to interspecies electron transfer surely cannot be large. The CH 4 -formation rate in medium with Mo was only »1/3 less compared to the rate in medium containing both the metals. Also this Wnding should be interpreted with caution, since all characterized Mo-containing FDHs, up to now, have less CO 2 reductase activity than their W-containing homologues (de Bok et al. 2003) . Nevertheless, the data suggest that H 2 interspecies transfer is prevailing when Mo is limiting. Further investigation is needed to conWrm this. H 2 is assumed to be the preferred electron carrier in dense aggregated biomass, whereas formate is more favorable in suspended cultures (Boone et al. 1989; Schmidt and Ahring 1995) . Limitation of W and Mo may also aVect the aggregation behavior of microorganisms depending on syntrophic relationships, although such eVect has never been reported. Floc formation was observed in syntrophic co-cultures of S. fumaroxidans and M. hungatei (de Bok et al. 2002a) , and in our experiments we noticed that the formation of aggregates was more evident in cultures without W than in cultures with W (results not shown).
EVects of W and Mo on the growth of S. fumaroxidans
Growth rates and maximal optical densities of S. fumaroxidans in pure culture were not aVected by the absence or presence of W and/or Mo ( Table 1) . The average growth rate in each of the diVerent media was around 0.21 per day, which is in the same range as reported previously . Depletion of W to such level completely inhibited the growth 
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of Pyrobaculum aerophilum (Afshar et al. 1998) . Therefore, our results suggest that S. fumaroxidans does not require W and Mo addition for growth on propionate and fumarate. Although the growth rate was not signiWcantly inXuenced, the Mo and W levels clearly aVected the FDH levels in S. fumaroxidans that were grown on propionate and fumarate. The lowest FDH level, 2.5 U/mg of protein, was measured when S. fumaroxidans was cultivated in the absence of both W and Mo (Table 1) . Addition of either Mo or W to the medium (0.1 M, medium II and III) resulted in 2-and 10-fold higher FDH levels, respectively. This suggests that both the metals are eVectively incorporated in one or more FDHs of S. fumaroxidans. Both W and Mo were also eVectively incorporated in FDHs of Moorella thermoacetica (Andreesen and Ljungdahl 1973) and Eubacterium acidaminophilum (Granderath 1993) . Unlike these two microorganisms, the FDH activity in S. fumaroxidans was substantially lower in cells grown in medium with both W and Mo, as compared to medium with only W. This was also found for the W-and Mo-containing FDHs of Desulfovibrio alaskensis (Brondino et al. 2004 ) and dimethyl sulfoxide reductase (DMSO) in Rhodobacter capsulatus (Stewart et al. 2000) . In FDH, Mo and W are bound via thiolates to pterin moieties. It is commonly believed, but still not completely resolved that the Molybdenum cofactor (Moco) and the Tungsten cofactor (Wco) are synthesized by a similar and highly conserved pathway (Schwarz et al. 2007) . Therefore, when Mo is not present, W is incorporated resulting in a higher speciWc activity. The two FDHs from S. fumaroxidans that were characterized previously appeared to be W-containing enzymes although both the metals were present in the growth medium (de Bok et al. 2003) . For S. fumaroxidans FDHs, it would imply that part of the total FDH activity in the cells grown on propionate plus fumarate represents additional FDH(s). Indeed, quantiWcation of diVerent FDHs in S. fumaroxidans suggested that it contains a third FDH (de Bok et al. 2003) . Moreover, the genome of S. fumaroxidans contains at least two more gene clusters that code for putative formate dehydrogenases (http://img.jgi.doe.gov).
In our study, the FDH levels of cells grown in medium without W and Mo (2.5 U/mg) and in medium with only Mo (5.0 U/mg) could not be addressed to one of the WFDHs that were characterized previously (de Bok et al. 2003) . Therefore, the explanation for our observations is that S. fumaroxidans possesses one or more constitutively expressed FDH's of which the activity increases when Mo is substituted by W and substitution of Mo for W in the two well-studied FDHs does not produce active FDHs. Although FDH activities in S. fumaroxidans strongly depend on either W or Mo, the H 2 ase levels in S. fumaroxidans grown on propionate plus fumarate were not signiWcantly aVected by the absence of W and Mo.
EVects of W and Mo on the growth of M. hungatei
The importance of W and Mo in methanogenesis has been recognized for a long time. The stimulating eVect of both the elements was found to be related to either the FDH levels in methanogens growing on formate, such as M. formicicum and Methanococcus vannielii (Jones and Stadtman 1981; May et al. 1988 ), or to the FMDH level in methanogens growing on H 2 /CO 2 such as Methanothermobacter wolfei and Methanothermobacter marburgensis (Bertram et al. 1994; Hochheimer et al. 1998) . Growth of M. formicicum and M. vannielii was not aVected by Mo or W when H 2 /CO 2 was the substrate instead of formate, as FDH is not required for autotrophic growth (Jones and Stadtman 1981; May et al. 1988 ). Similar to these two methanogens, M. hungatei grows on both H 2 /CO 2 and formate. Therefore, one can expect that growth on formate but not on H 2 /CO 2 is inXuenced by W or Mo. Indeed, the presence of either W or Mo stimulated growth of M. hungatei on formate (Table 1) . The highest growth rates (0.41 per day) were observed when Mo was present in the medium (medium II and IV). In the absence of Mo but presence of W the growth rate was slightly lower (0.33 per day). When both W and Mo were absent, the growth rate was only 0.11 per day. The highest FDH level was detected when only W was present in the medium and it was substantially lower when W was absent, suggesting the presence of W-FDH(s) in M. hungatei. Apparently, the growth rate of M. hungatei was directly related to the FDH activity, as both FDH level and growth rate increased about four times when Mo was added to the medium. But, further increase of FDH level by the addition of W did not lead to a further increase in growth rate, indicating that something other than FDH is limiting. Analysis of the genome of M.hungatei revealed the presence of three possible FMDHencoding gene clusters (http://img.jgi.doe.gov) that may contain tungsten and could compete for the metals present.
All FDHs from mesophilic methanogens studied so far contain Mo. If we assume that also the M. hungatei FDH(s) contains Mo, our results suggest that W stimulates the production of Mo-FDH and that W eVectively substitutes Mo in M. hungatei FDH, resulting in an enzyme with an even higher activity. However, we can not exclude the possibility that M. hungatei possesses a W-FDH. Growth of M. hungatei on H 2 /CO 2 was also stimulated by W and Mo (Table 1) . The highest growth rates of M. hungatei on H 2 / CO 2 (0.87 and 0.76 per day, respectively) were measured in the cultures grown in the presence of W (Medium III and IV). Growth rates, FDH and H 2 ase levels were substantially lower in the media without W (Medium I and II). When both W and Mo were absent the culture eventually ceased to grow after a short exponential growth phase.
Our results have implications on the optimization of metal dosage in anaerobic methanogenic bioreactors. It is important to maintain balanced communities in the sludge, especially for the H 2 and formate consuming methanogens. Maintaining a low partial pressure (H 2 ) or concentration (formate) is essential for the degradation of intermediates of anaerobic digestion. Moreover, due to antagonistic eVects and competitive uptake of diVerent metals, e.g., cobalt and nickel, tungsten and molybdenum, balanced dosing of all metals is essential to maintain a high biological activity. Overdosing of metals has a toxic eVect and may also inhibit the uptake of other essential metals.
